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Abstract

It is a challenging task to understand the relationship between sequences and folding rates of proteins. Previous studies are found that one
of contact order (CO), long-range order (LRO), total contact distance (TCD), chain topology parameter (CTP), and effective length (L.¢) has
a significant correlation with folding rate of proteins. In this paper, we introduce a new parameter called z-order contact distance (nOCD) and
use it to predict folding rate of proteins with two- and three-state folding kinetics. A good linear correlation between the folding rate
logarithm Ink¢ and nOCD with n=1.2, 2=0.6 is found for two-state folders (correlation coefficient is —0.809, P-value<0.0001) and n=2.8,
o=1.5 for three-state folders (correlation coefficient is —0.816, P-value<0.0001). However, this correlation is completely absent for three-
state folders with n=1.2, «=0.6 (correlation coefficient is 0.0943, P-value=0.661) and for two-state folders with n=2.8, «=1.5 (correlation
coefficient is —0.235, P-value=0.2116). We also find that the average number of contacts per residue P, in the interval of m for two-state
folders is smaller than that for three-state folders. The probability distribution P(y) of residue having y pairs of contacts fits a Gaussian
distribution for both two- and three-state folders. We observe that the correlations between square radius of gyration S% and number of
residues for two- and three-state folders are both good, and the correlation coefficient is 0.908 and 0.901, and the slope of the fitting line is
1.202 and 0.795, respectively. Maybe three-state folders are more compact than two-state folders. Comparisons with #TCD and nCTP are
also made, and it is found that nOCD is the best one in folding rate prediction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The folding behavior of small proteins with simple two-
state kinetics and of larger proteins with three-state folding
kinetics has a significant difference. The two-state folders
have no visible intermediates in the course of folding, which
therefore occurs as an “all-or-none” process under all
experimental conditions. However, the proteins with three-
state folding kinetics fold via intermediates, which accu-
mulate during the early stages of folding when it occurs in
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denaturant-free water [1-4]. It has been observed that the
logarithm of the folding rate of two-state folding proteins is
strongly anti-correlated with a topological parameter called
contact order (CO) [5], and there is complete absence of
such correlation for three-state folders. Instead, the three-
state folding proteins demonstrate a strong anti-correlation
between their size and the folding rate logarithm [6].
Protein folding is the process by which a protein
progresses from its denatured state to its specific bio-
logically active conformation. A related important task is to
understand the relationship between sequences and folding
rates of proteins. Many parameters to predict folding rates
have arisen. The folding rate of proteins that fold with two-
or weakly three-state kinetics has a significant correlation
with the average sequence separation of all contacting
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residues in the native state, defined by the parameter contact
order (CO) [5]. Later, a different parameter is found to
correlate better with Inky than CO, and the parameter is
called long-range order (LRO) for a protein from the
knowledge of long-range contacts in protein structure [7].
Then, Zhou and Zhou [8] brought forward a new parameter,
called total contact distance (TCD), to predict folding rate of
proteins. Another parameter called chain topology param-
eter (CTP), which is similar to contact order (CO) and is
used previously to describe the complexity of the chain
topology of the protein molecule, can yield much improved
results [9]. We also observe a best excellent correlation
between the folding rate of proteins with two-state kinetics
and contact parameters (including CO, LRO, and TCD), and
find that the folding rate depends on CO, LRO and TCD
simultaneously [10]. Recently, Ivankov and Finkelstein [11]
find that the folding rate is only correlated with the effective
length of protein chains, and the correlation is somewhat
simple and the interior structure of protein is considered. In
this paper, we present a new parameter which contains not
only the relative positions of residues but also the secondary
structure of proteins. It is called n-order contact distance
(nOCD), and we use this parameter to predict the folding
rates of proteins with two- and three-state folding kinetics. It
is shown that this parameter can correlate with the logarithm
of the folding rate of two and three-state folding proteins
well. We also investigate average number of contacts per
residue P, as a function of interval m (m=|j—i|) for two-
and three-state folders. The probability distributions P(y) of
residue having y pairs of contacts for two- and three-state
folders are considered here. At last, we discuss the square
radius of gyration S* of proteins with two- and three-state
folding kinetics. The aim is to investigate the difference of
interior structure for two- and three-state folders. Some
comparisons with other parameters are also made.

2. Method of calculation
2.1. Database

In this paper, we study 30 proteins with two-state kinetics
and 24 proteins with three-state kinetics. The database is
taken from Ref. [6]. Table 1 lists those 54 proteins, and the
proteins numbered 1-30 exhibit the two-state folding within
the whole range of experimental conditions and the proteins
numbered 31-54 exhibit the three-state folding when the
native state is much more stable than the denatured one. The
data of these protein structures are taken from the Protein
Data Bank (PDB) [12]. The Protein IDs used in the present
study are listed in Table 1, and the references are also given.
Here, n, is the number of residues. nOCD 1is a new
parameter and we will introduce in the next section. Inkg
is natural logarithm of the experimental folding rate (s ')
measured in or extrapolated to pure water (i.e., at zero
denaturant concentration).

2.2. n-order contact distance (nOCD)

It is found that the logarithms of folding rates (Inky) of
proteins that fold with two- or weakly three-state kinetics
has a surprisingly simple and statistically significant
correlation with a single parameter called contact order
(CO) [5], and CO is defined as:
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In another paper [9], it is shown that Ink¢ correlates well
with the so-called chain topology parameter, CTP:
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Recently, Ivankov and Finkelstein [11] found that the
folding rate mainly depends on the effective chain length
(Legr) and there exists the following dependence:

log(k¢) ~ const — LP. (3)
with
Legg=n, —ng+1; X Ly (4)

Where ny is the number of residues in helical conformation,
Ly is the number of helices, and /; means that we consider
the whole block (a helix ) as /; chain residues.

Because a-helices are natural candidates to the role of the
internally stable and/or rapidly and independently flocks, we
think that the residue in helical conformation has a different
contribution to folding rate. In order to consider not only the
interior structure of protein but also the secondary structure
of protein, here we introduce a new parameter named 7-
order contact distance, nOCD:
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is in helical conformation
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Yy { o  residue i

! 1 otherwise
where 7, is the number of amino acid residues of a protein,
n. is the number of residue-residue contacts, and i and j
represent the positions of two residues in a contact. The
value of «; is related with the effect of o-helices to n-order
contact distance (nOCD) for residue i. If residue i is in
helical conformation, the value of o; becomes . Certainly,
if residue i is not in helical conformation, this means there is
no effect of a-helices to n-order contact distance, therefore
o;=1.0. If both residues i and j are in helical conformation,
ociocj:ocz and if either residue i or residue j is in helical
conformation, «;o;=u (here one of o; and «; is equal to 1.0).
Of course, if both residues i and j are not in helical
conformation, o;o;=1. Each residue in a protein molecule is
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Table 1
The database and the values of n-order contact distance (nOCD) used in this study
No. Protein ID References n, nOCD Ink;

0=0.6, n=1.2 a=1.5, n=2.8

Proteins with two-state kinetics
1 1APS Van Nuland et al. [14] 98 0.797 631.9 —1.5
2 1AYE Villegas et al. [15] 80 0.583 565.2 6.8
3 1C8C Guerois and Serrano [16] 63 0.347 95.37 7.0
4 1C90 Perl et al. [17] 66 0.575 151.4 7.2
5 1CSP Perl et al. [17] 67 0.558 143.2 6.5
6 IDIV Kuhlman et al. [18] 56 0.335 81.36 6.1
7 IFKB Main et al. [19] 107 0.660 503.9 1.5
8 IFNF_9 Plaxco et al. [20] 90 0.707 409.7 —-0.9
9 1G6P Perl et al. [17] 66 0.552 136.5 6.3
10 1HZ6 Kim et al. [21] 62 0.524 202.3 4.1
11 1IMQ Ferguson et al. [22] 86 0.285 287.5 7.3
12 ILMB Burton et al. [23] 80 0.174 182.7 8.5
13 1LOP Ikura et al. [24] 164 0.632 1317 6.6
14 IMIC Reid et al. [25] 69 0.551 150.7 53
15 1PGB McCallister et al. [26] 56 0.582 186.5 6.0
16 IPNJ Guijarro et al. [27] 86 0.698 321.0 —1.1
17 1POH Van Nuland et al. [28] 85 0.569 495.3 2.7
18 IPSF Schindler et al. [29] 69 0.646 285.7 32
19 IRIS Otzen and Oliveberg [30] 97 0.671 563.9 59
20 ISHF Plaxco et al. [31] 59 0.585 175.8 4.5
21 ISHG Viguera et al. [32] 57 0.639 188.9 14
22 ISRL Grantcharova and Baker [33] 56 0.664 200.7 4.0
23 ITEN Clarke et al. [34] 89 0.676 371.9 1.1
24 IURN Silow and Oliberg [35] 96 0.583 471.4 5.8
25 IWIT Clarke et al. [36] 93 0.765 494.0 0.4
26 256B Wittung-Stafshede et al. [37] 106 0.117 198.5 12.2
27 2ABD Kragelund et al. [38] 86 0.276 462.1 6.6
28 2CI2 Jackson et al. [39] 64 0.607 245.1 39
29 2PDD Spector and Raleigh [40] 41 0.248 45.55 9.8
30 2VIK Choe et al. [41] 126 0.398 348.6 6.8
Proteins with three-state kinetics
31 1A6N Cavagnero et al. [42] 151 0.137 760.1 1.1
32 1AON Golbik et al. [43] 155 0.550 884.8 0.8
33 IBNI Matouschek et al. [44] 108 0.296 190.7 2.6
34 1BRS Schreiber and Fersht [45] 89 0.405 223.1 3.4
35 1CBI Burns et al. [46] 136 0.423 735.7 —-3.2
36 1CEI Ferguson et al. [22] 85 0.305 293.8 5.8
37 1EAL Dalessio and Ropson [47] 127 0.431 615.3 1.3
38 IFNF_10 Cota and Clarke [48] 94 0.590 297.8 5.5
39 IHNG Parker et al. [49] 95 0.707 552.5 1.8
40 1IFC Burns et al. [50] 131 0.430 696.5 34
41 10PA Burns et al. [50] 133 0.479 790.3 1.4
42 IPHP_A Parker et al. [51] 175 0.413 888.0 2.3
43 1PHP_B Parker et al. [52] 219 0.255 966.3 -35
44 1QOP_A Ogasahara and Yutani [53] 267 0.259 1815 -2.5
45 1QOP_B Goldberg et al. [54] 396 0.299 2355 —6.9
46 1IRA9 Jennings et al. [55] 159 0.590 889.6 —-2.5
47 ISCE Schymkowitz et al. [56] 101 0.408 290.7 4.2
48 ITIT Fowler and Clarke [57] 89 0.741 4413 3.6
49 1UBQ Khorasanizadeh et al. [58] 76 0.553 274.0 5.9
50 2A5E Tang et al. [59] 156 0.116 56.58 35
51 2CRO Laurents et al. [60] 65 0.175 201.5 3.7
52 2LZM Parker and Marqusee [61] 164 0.094 280.2 4.1
53 2RN2 Parker and Marqusee, [61] 155 0.438 1067 0.1
54 3CHY Munoz et al. [62] 128 0.224 197.1 1.0

Here, n, is number of structured residues, R.,=0.80 nm (based on the C* atom distance), and /.,=2.
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represented by C* atom. Residues whose C* atoms are
closer than R are defined to form a contact, and the contact
is separated by at least a residue separation cutoff value /..
Here, we choose R-=0.80 nm and [/ ,~=2.

Using this parameter, we can obtain the values of nOCD
and then discuss the relationships between the logarithms of
folding rates (Inkg) of proteins with two- or three-state
folding kinetics and the values of nOCD. Through our
calculation, we can get the best one.

2.3. Average number of contacts per residue P, in the
interval of m

The average number of contact per residue P,, in the
interval of m is defined as:

P, ==n (7)

here N,, is the total number of contacts with the separation
in sequence between the contacting residues number i and j
is equal to m, and N is the total number of residues in the
proteins with two- or three-state folding kinetics. In our
paper, P,, is averaged for m, m+1 and m+2. For example,
P, is averaged for | j—i|=4, 5, and 6.

2.4. Probability P(y) of residue with forming vy pairs of
contacts

In protein molecule, each residue has a different ability of
forming contacts, and in general, residues in the interior of
proteins have a large number of contacts. So we introduce
the probability P(y) of residues with forming y pairs of
contacts in all residues, and it is defined as:

P, = (8)

here N, is the total number of amino acid residues with
forming y pairs of contacts, and N is the total number of
residues in the proteins with two- or three-state folding
kinetics, respectively.

In the meantime, we can also calculate the square radius of
gyration S% from the 3D coordinates of the residues, and can
know the average dimensions of two- or three-state folders.

3. Results and discussion

3.1. Correlation between the experimental observed Ink,
and n-order contact distance (nOCD) for two- and three-
state folders

According to Eq. (5), we first calculate the values of n-
order contact distance (nOCD) with different values of n
and o for two- and three-state folders. Then, we can get the
correlations between the experimental observed Ink¢ and -
order contact distance (nOCD). The absolute value of

correlation coefficient between Ink¢ and nOCD for two-state
folders with n=1.2 and «=0.6 is the largest one. In the
meantime, the absolute value of correlation coefficient
between Inks and nOCD for three-state folders with n=2.8,
and o=1.5 is the largest one. In fact, a large absolute value
of correlation coefficient means a good linear fit. If the
absolute value of correlation coefficient equals to 1, the plot
has the best linear fit. In Fig. 1, we plot the correlations
between Ink; and nOCD with n=1.2, 2=0.6 (Fig. la) and
n=2.8, a=1.5 (Fig. 1b) for two- and three-state folders,
respectively. We can see from Fig. 1(a) that nOCD with
n=1.2 and «=0.6 has a correlation coefficient of —0.809 ( P-
value<0.0001) with the logarithms of folding rates for the
two-state folders, while for three-state folders, nOCD with
n=1.2 and 2=0.6 has a correlation coefficient of 0.0943 ( P-
value=0.661) with Ink;. The line in Fig. 1(a) represents the
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Fig. 1. Correlation between the experimental observed Inky and n-order
contact distance (nOCD) for two- and three-state folders. Here, (a) two- and
three-state folders with n=1.2, anda=0.6 (correlation coefficient=—0.809,
P-value<0.0001 for two-state folders (M), and correlation coeffi-
cient=0.0943, and P-value=0.661 for three-statefolders (O)); (b) two- and
three-state folders with n=2.8, and «=1.5 (correlation coefficient=—0.816,
and P-value<0.0001 for three-state folders (M), and correlation coef-
ficient=—0.235, and P-value=0.2116 for two-state folders (00)).
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best linear fit for two-state folders in our calculation. The P-
value is associated with the correlation coefficient, and low
P-value suggests that the observed correlation is highly
unlike to have arisen by chance. There is a strong inverse
relationship between nOCD and Ink; for two-state folders
with n=1.2 and 0=0.6.

We also observe that the value of nOCD with n=2.8 and
o=1.5 shows a good relationship with folding rate for the
three-state folders. The correlation coefficient is as signifi-
cant as —0.816 and the P-value is less than 0.0001.
However, for two-state folders, the relationship between
nOCD and Ink¢ is not good. In this case, the correlation
coefficient is —0.235, and the P-value is 0.2116. Therefore,
we can conclude that there exists a strong negative
correlation between the nOCD with n=2.8, «=1.5 and the
logarithm of folding rates for three-state folders. If the
outlying point (rOCD=2355 for IQOP_B) is not considered
in Fig. 1(b), the correlation coefficient becomes —0.748 for
23 three-state folders.

Fig. 2 gives the correlation coefficient for Ink; as a
function of nOCD with different values of n, o, and R¢. In
Fig. 2(a), we draw some plots of correlation coefficient
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Fig. 2. Correlation coefficient for Inke~nOCD with different values of o, n
and Rc. Here, (a) two-state folders, and (b) three-state folders.
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versus o with different n and R for two-state folders, and
can find that when n=1.2 and «=0.6, the absolute value of
correlation coefficient is the largest one for two-state folders
(=0.809). This means that in this point, 7OCD has the best
linear relationship with Ink; for two-state folders. In the
same way, we also plot the curves of correlation coefficient
versus oo with different n and R for three-state folders. It is
investigated that when n=2.8 and «=1.5, the absolute value
of correlation coefficient is the largest one for three-state
folders. The value is 0.816. In this figure, the point of =1
and n=1 means the correlation coefficient for Ink~CO, in
the meantime, the point of «=1 and n=2 shows CTP. From
these comparisons, we find the absolute values of correla-
tion coefficients for Ink~CO and CTP are both smaller than
nOCD. Therefore, we can conclude that nOCD is better
than CO and/or CTP.

Similar to the definition of nOCD, here we also present
another parameter, nTCD, which is defined as:

1 o . Jn
nTCD = — > woylj— i (9)
r Ijii‘>lcut

If n=1 and =1, n"TCD becomes total contact distance
(TCD) [6]. According to this definition, we calculate the
correlation coefficient for Inkr as a function of nTCD with
different n and o for two- and three-state folders, and the
results are given in Fig. 3. In Fig. 3, we find that nTCD of
the two-state folders has the best linear relationship with
Inky for n=1.2 and «=0.4, and the absolute value of
correlation coefficient is 0.759. While for three-state
folders, the largest absolute value of correlation coefficient
is at the point of n=2.8, a=1.5, and the value is 0.789.
However, they are both smaller than that of nOCD. In Fig.
3, nOCD with n=1 and o=1 represents TCD. The absolute
value of correlation coefficient for TCD is also smaller
than nOCD. Therefore, we regard the nOCD as the better
parameter to predict folding rate. In fact, comparisons with
Figs. 1 and 2, we can also find that the values of » in both
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nOCD and nTCD for two-state folders are all less than
those for three-state folders, and the values of « in both
nOCD and nTCD for two-state folders are also less than
those for three-state folders. Similar results are obtained for
nOCD and nTCD.

3.2. Average number of contacts per residue P,, in the
interval of m for two- and three-state folders

In order to give the reason why there exists different
relationship between Ink¢ and nOCD for proteins with two-
and three-state folding kinetics, here we investigate the
differences of interior structures for two- and three-state
folders. According to Eq. (7), we calculate the average
number of contacts per residue P,, in the interval of m for
two- and three-state folders, and the results are shown in
Fig. 4. It is shown that at the same m, the value of P,, for
two-state folders is smaller than that for three-state folders.
In other words, the average number of contacts per residue
for three-state folders is larger than that for two-state folders.
For example, in Fig. 4, P,, with m=40 for three-state folders
is 32.1% larger than that for two-state folders. Meanwhile,
P,, with m=10 for three-state folders is 116.7% larger than
that for two-state folders. Maybe three-state folders are more
compact than two-state folders.

We also find that there were no contacts with the
separation in sequence between the residues which is larger
than 163 for the two-state folders. The contacts do exist for
three-state folders with m>163. However, there are no
contacts any more with m>307 for three-state folders.

3.3. The probability distribution P(y) of residue having y
pairs of contacts for two- and three-state folders

We use Eq. (8) to calculate the probability of amino
acid residues with forming y pairs of contacts in all
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function of m (m=|j—i|) for two- and three-state folders. Here, i and j
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For example, P, is averaged for |j—i|=4, 5, and 6.
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residues for two- and three-state folders, and the results
are shown in Fig. 5. In Fig. 5, we find that the probability
distributions P(y) for two- and three-state folders both fit
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Gaussian distribution. The probability distribution P(y) of
amino acid residues with forming y pairs of contacts in
all residues can be expressed as Gaussian distribution
[13]:

P(y) = Po +aexp| = b(y = 7.)’] (10)

with Py=—0.01, ¢=0.238, »=0.141 and y.~=3.18 for two-
state folders and Py=—0.001, ¢=0.243, 5»=0.181 and
7.=3.40 for three-state folders. Here, there are no any
error bars in Figs. 4 and 5 because the total number of
amino acid residues with forming y pairs of contacts N,
is very exact in our calculation.

It is shown that the probability of amino acid residues
P(y) with forming y pairs of contacts in all residues for two-
state folders is larger than that for three-state folders when
y=0, 1 and 2. When y>3, the value of P(y) for three-state
folders is larger than that for two-state folders. We also find
that when =9 and 10, the probability P(y) for three-state
folders is not equal to zero, while the probability P(y) for
two-state folders equals to zero.

3.4. The square radius of gyration S° for two- and three-
state folders

The square radius of gyration S* of polymer chain is
meaningful in the research of polymer chain, and it is also
a useful parameter to assess the size of non-spherical
polymer chain. So we use S* to assess the shapes of two-
and three-state folders. Here, we compute the square radius
of gyration 2, and plot square radius of gyration S* as a
function of total number of residues for two- and three-
state folders in Fig. 6. This measure is sensitive to the
mass distribution of proteins. The fit lines of two- and
three-state folders are given in Fig. 6(a) and (b),
respectively. For two-state folders, the correlation coeffi-
cient is 0.908 and for three-state folders, the correlation
coefficient is 0.901. There are both linear correlations
between square radius of gyration S* and number of
residues for two- and three-state folders. The slope is
1.202 and 0.795 for two- and three-state folders, respec-
tively. It suggests that the proteins with three-state folding
kinetics are more compact than the proteins with two-state
folding kinetics. This investigation may provide some
insights into the folding rate of proteins.
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